A nanofluid is a dispersion of nanoparticles in a base fluid and it has been a hot topic of great interest in recent years primarily due to its potential application in various fields. This review presents an overview of the remarkable progress on nanofluids during the past two decades. Nanoparticles have been investigated intensively as an additive for lubricants due to their special tribological properties. This article is focused on various synthetic methods and characterization techniques of nanofluids. Factors enhancing the stability and lubrication mechanism have been delineated in detail. Although nanofluids are potential candidates for tribological applications, there are still many challenges to overcome. These challenges involve the long term stability of nanofluids and validation of lubrication mechanisms.
Introduction
Advanced lubricants can improve productivity through energy saving and prolonging the life cycle of machinery. "Nanouids" was coined by Choi in 1995. Since then, nanouids have been studied in many elds, including the chemical industry, biomedical applications, electronics cooling, environment engineering and waste heat recovery. And this situation is also true in the tribology. Studies have shown that the dispersion of small amounts of nano-scale solid particles in base uids, commonly known as nanouids, enhanced the anti-wear and friction reduction properties. Xu 1 prepared MoS 2 hollow spheres with an average diameter of 70 nm by addition of TiO 2 and studied its tribological properties in rapeseed oil. The result revealed that the wear was signicantly alleviated by the produced lubricating lm containing MoS 2 /TiO 2 nanoparticles. Ma 2 investigated the anti-wear and friction performance of KH-560 modied ZrO 2 in machine oil, and found that the anti-wear and friction reduction abilities of the oil with added ZrO 2 nanoparticles were considerably improved. Liu 3 reported that surface-modied mixed rare earth nanoparticles with a size less than 30 nm as the additive exhibit excellent anti-wear, load carrying and good friction reduction capacities in base stock.
Currently, dispersing nanoparticles in lubricating oils is still a challenge for application of nano-additives. 4 Stability of nanouids depends on their preparation methods. There are various disagreements in the reported paper of nanouids stability. The main factor affecting the stability of nanouid is the tendency of nanoparticles towards aggregation due to the strong van der Waals attractive force. To overcome this obstacle, a series of solutions have been put into practice, such as addition of dispersant, [5] [6] [7] surface modication of nanoparticles 8 and ultrasonic dispersion. 9 When nanoparticles are used as additives of lubricating oils, four lubrication mechanisms may be available: rolling of nanospheres;
10,11 self-repairing effect because of the minimal size;
12 tribolm formation as results of tribochemical reaction; [13] [14] [15] [16] [17] [18] polishing effect. 19, 20 This paper aims at focusing on the existing knowledge and research gap in all elds of nanouids from synthesis of nanouids and to their research in tribological eld. An exclusive review section on characterization techniques, improved and recent theoretical models for lubricating developed by different researchers are presented in this review paper as well. The structure of this review is given in Fig. 1 .
Preparation of nanofluid
Nanoparticles, as the additives for nanouids, play an important role in improving anti-wear, friction reduction and load carrying capacities of nanouids. Various types of nanoparticles, such as metallic nanoparticles, metallic oxide, have been studied in recent years. Two preparation methods of nanouids have been reported.
Single-step method
Single-step method is a procedure that combines the production of nanoparticles with the synthesis of nanouids. Vapour Deposition, developed by Choi in 2001, 21 is the most commonly used single-step method at present. The principle is shown in Fig. 2 . Under the centrifugal force of the rotating disk, a owing thin lm of base liquid is formed on the wall of the vessel. Raw material is heated and evaporated in a resistively heated crucible, the vapor is condensed into nano-sized particles when it contacts the cold base liquid lm, and nanouid is obtained. Akoh et al. 22 developed another single-step direct evaporation method, which is similar to Vacuum Evaporation onto a Running Oil Substrate (VEROS). Extremely ne particles with the average size of about 0.25 nm were obtained with this method. To successfully prepare well dispersed Cu nanouid, a modied VEROS method was proposed by Eastman. 23 In this method, Cu particles were produced by direct evaporation into a low vapor pressure liquid. Zhu et al. 24 presented a single-step chemical process for the preparation of Cu nanouid, in which CuSO 4 $5H 2 O is partly reduced with NaH 2 PO 2 $H 2 O in ethylene glycol under microwave irradiation. The TEM micrograph reveals that the size of most Cu particles is in the range of 10 nm and 20 nm. Choi et al. 25 also developed a Direct Evaporation Condensation method. The main advantage of this method is the good controllability of nanoparticle size and long term stability of nanouid. Lo et al. 26 introduced a novel system was to prepare CuO nanouid. The method is based on Submerged Arc Nanoparticle Synthesis System (SANSS) technique. SANSS mainly consists of a heating source, a state control system and a cooling unit.
Solubility of nanoparticles is relevant to their size, the relationship can be described by eqn (1)
where s 1 , s 2 , a 1 , a 2 are separately the solubility, size of the two kinds of nanoparticles. If there is wide size distribution of nanoparticles in the base uid, according to eqn (1), the nanoparticles of small size will diffuse toward big size particles and deposit on the surface of the big particles, age of colloid is formed in this way. Thus nonuniform size distribution is the most important factor that contributed to aggregation of nanoparticles in the base uid. There is a narrow size distribution of nanouids that prepared by single step method since the nanomaterial is directly condensed into nano-sized particles from the vapor state, thus less aggregation is involved. Two main advantages were involved by using single-step method. The rst advantage is no drying, storage or dispersing process is needed, thus reducing cost of production. The other advantage is low aggregation of nanoparticles predominately due to the rst advantage mentioned above, it is extremely important to ensure the long term stability of nanouids. The major disadvantage of single-step method is that it is merely compatible with low vapor pressure base uids.
Two-step method
The sketch of two-step method is shown in Fig. 3 . Currently, two-step method is the most commonly used method for the preparation of nanouids. Generally, two procedures are involved in this method. The rst procedure is the synthesis of nanomaterial, which is usually in the form of dry powder. The second procedure is the dispersion of nanomaterial in the base liquid such as water, ethanol and ethylene glycol. During this procedure, some measures, for instance, addition of dispersant or sonication, are generally carried out to enhance the stability of the resulting nanouids.
Several nanouids prepared with two-step method are listed in Table 1 . Peng 27 successfully prepared AlN/ethanol nanouids with the aid of ultrasonic homogenizer. The preparation process was approximately as follows: rstly mixed the AlN and castor oil in the ethanol with vigorous stirring, then placed the mixture in an ultrasonic homogenizer for 10 minutes and eventually well dispersing AlN/ethanol nanouid was gained.
Diathermic oil based TiO 2 nanouid was fabricated via two-step method, where oleic acid (OA) was used as the dispersant to ensure the stability of nanouid. 28 Xuan et al. 50 prepared Cu nanouids of both water and transformer oil, well dispersed nanouids were achieved when the percentage of dispersant amount reached 22 wt% of Cu nanoparticles. Two-step method was also used for the synthesis of CNT based nanouids. Numerous of CNT nanouids were prepared by dispersion of CNTs in various base uids.
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Compared with single-step method, the main disadvantage of two-step method is the instability of nanouids because of the high surface energy of nanoparticles. 56 Besides, the process of drying, storage and transportation of nanoparticles was inevitable in twostep method. However, this method also has advantages. Twostep method enables making nanouids at a very large scale.
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Moreover, it could be used to make almost all kinds of nanouids. 58 
Stability mechanisms of nanofluids
Stability is the most crucial issue for nanouids because of the tendency of mutual attraction between nanoparticles which caused by high surface energy of nanoparticles. According to DLVO theory, there are two forces between nanoparticles, the one is van der Waals attractive force between nanoparticles while the other is electrical double layer repulsive force. The attractive potential energy is given by Hamaker formula, which is listed as eqn (2)
where V A is the attractive potential energy; A is the Hamaker constant. If there is no direct contact of electrical double layer between two particles, repulsive potential energy is given by eqn (3).
The stability of nanouids is the result of the two opposing forces.
60 If the repulsive force is much larger than the attractive force, and can overcome the attraction during the collision process due to Brownian movement, the nanouid is in a relative stable state. Otherwise, the nanouid is in an unstable state. Steric repulsion and electrostatic repulsion are the two types of mechanisms through which nanouids are stabilized, as shown in Fig. 4 . According to steric repulsion, several surfactants, such as SDBS, SDS, CTAB, can prevent the aggregation of dispersed nanoparticles in nanouids. These surfactants usually have two tails, one is hydrophilic and the other is hydrophobic. The hydrophilic tail adsorbs onto the surface of nanoparticles with a long loop and the hydrophobic tail extends out into the nanouids. Thus, steric stabilized nanouids remain well dispersed and sustain for a long period. In electrostatic stabilization, the nanoparticles in nanouids bear some charge because of adsorption of ions. Electrical double layer is created around nanoparticles, and the repulsive force produced by electrical layer will offset the attractive force between nanoparticles. Avraham 62 investigated the role of carbon chain in 3-alkyl thiophenes on the dispersing of CNTs in the organic solvents, and concluded that the stability was not only relied on the stacking of the polymer backbone onto the CNTs, but also on the steric repulsion of carbon chain of adsorbed 3-alkyl thiophenes. Yang et al. 63 prepared Al 2 O 3 ammonia/water nanouids with sodium dodecyl benzene sulfonate (SDBS) as the dispersant. The stability of the nanouids with different amount of SDBS was studied with light absorbency ratio index method. The results shows that with the increasing amount of surfactant, the stability of nanouid is lowered rst, and then improved, and then is lowered again. In this study, the stability of the nanouid was rst calculated based on the simplied dispersion model and the calculation agreed with the experimental results.
Techniques of nanoparticles dispersed in nanofluids
Some chemical and physical techniques can be used to modify the surface of nanoparticles to obtain a stable nanouid through two-step method. Addition of surfactants and surface treatment of nanoparticles are discussed in the follow section. Sonication is discussed as well.
Addition of dispersant
Addition of dispersant is an effective method to prevent the aggregation of nanoparticles, as the dispersant acts as a bridge between nanoparticles and base uids, creating continuity between nanoparticles and base uids. 64 Addition of dispersants lowers the surface tension of base uids and improves the immersion of nanoparticles.
Commonly used dispersants are listed in 69 Li 70 compared the stability of CuO/water nanouids with and without CTAB dispersant. The results revealed that CTAB could stabilize CuO nanouid for one week, while in the nanouid without CTAB aggregation occurred quickly. The stability of CNTs nanouids were also enhanced in the presence of SDBS, Triton X-100, or gum arabic.
71-74
Addition of dispersant is an effective and economic method to enhance the stability of nanouids. However, the presence of dispersant can increase the viscosity of nanouids. Generally, the tribological property of lubricant oil is enhanced with the increase of its viscosity. However, it is not the case for lubricant containing nanoparticles. High viscosity of nanouids is bound to affect the liquidity of nanoparticles in the base uid. As a result, insufficient number of nanoparticles enters the tribo-pairs when superuous dispersant is added, and ultimately deteriorate the tribological property of lubricant. Additionally, dispersants are usually sensitive to temperature. At high temperature, dispersants could decompose and thus stay out of action.
Surface modication of nanoparticles
The surface of nanoparticles can be modied by functionalization. Simply adding functionalized nanoparticles into the base uid, long term stability can be achieved. Wang 75 developed an economic method for surface functionalization of gold nanoparticles, mixed DNA/PEG polymers were instead of original pure DNA in his method, sketch of functionalization was listed in Fig. 5 . Compared with pure DNA modication, only a little amount of DNA was used to get same effect. Kim et al. 76 prepared stable methanol based CeO 2 nanouid by dispersing the surface-modied ceria (CeO 2 ) nanoparticles in methanol using ultrasonicator. Alzatecarvajal 77 attempted modied graphene oxide and nanodiamond by amide functionalization, in this method, a solvent-free gas-phase treatment was involved, aromatic and aliphatic amines were also used. Finally he proved that amidation was the only possible route for functionalization of diamond. Pati et al. 78 reported a simple approach to produce stable Fe 3 O 4 nanouid in the absence of dispersant: Fe 3 O 4 nanoparticles were rst prepared, separated, and washed with acetone and water, followed by soaking in NaOH solution and drying at 150 C for 30 minutes, and nally the dried powder was dispersed in water and sonicated for 30 minutes. CNTs were modied with HNO 3 and a mixture of HNO 3 /H 2 SO 4 , so that hydrophilic functional groups were introduced onto the surface. The CNTs/water nanouid was subjected to ultrasonication and good stability was achieved despite of the absence of surfactant.
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Likewise, Aravind 80 puried MWCNT with concentrated acids (H 2 SO 4 , HNO 3 and H 2 SO 4 /HNO 3 mixture) to introduce hydrophilic functional groups and satisfactory result was obtained.
Ultrasonication
Ultrasonication is an accepted physical technique to disperse agglomerated nanoparticles into base uid. However, it is always accompanied with chemical treatment, rather than an independent dispersing method.
Teng
81 prepared Al 2 O 3 /water nanouids with different concentration, the nanouids were dispersed by cationic dispersant (chitosan) accompanied with ultrasonic treatment. TiO 2 , ZnO and Al 2 O 3 were dispersed in water/EG mixture uid, the SDS was used as dispersant, followed by sonicated treatment for 1 hour aimed at enhancing stability of nanouids.
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CuO/water nanouid was prepared via sonicated treatment, long term stability was achieved although no surfactant was added. 83 The surface of the MWCNT is modied by acid treatment and then dispersed in water/ethylene glycol by sonication for nearly 40 min using a 100 W, 40 kHz ultrasonicator. 80 Although ultrasonication has been accepted as an essential step in the preparation of nanouids through two-step method, there is no standard for ultrasonic time and wave. And what type pulse mode should be taken is also kept unknown. Mahbubul 84 investigated the effect of ultrasonication duration on the stability of Al 2 O 3 /water nanouids, where the particles size distribution and zeta potential were analysed to explore the dispersion of Al 2 O 3 in water, and they found that cluster size decreased while zeta potential increased with the increase of ultrasonication duration in the rst 3 hours. Nguyen 85 evaluated the main parameters of ultrasonication such as power and irradiation modes on the cluster size of Al 2 O 3 in the aqueous solutions, he pointed out that both continuous and pulsed irradiation were helpful to reduce the size of Al 2 O 3 cluster, besides, optimal break up efficiency could be achieved at a vibration amplitude of 30%.
There are contradictory results among the literatures about the effect of ultrasonication duration on the stability of nanouids. So more attempts should be take into effect to explore the optimum duration.
Characterization of nanofluids
Characterization of nanouids always reveals several important details such as nanoparticle shape, size, distribution and stability of nanoparticles in base uid. The most commonly used characterization means include zeta potential analysis, sedimentation method, and electron microscopy. 
Zeta potential analysis
The liquid layer surrounding the particles contains two different regions; an inner region (stern layer) and an outer (diffuse) region. At the inner region ions are rmly bound and at the outer region they are loosely associated. There is a notional boundary inside the outer layer where the particles and ions form a stable entity. The potential at this boundary is known as zeta potential. The main advantage of zeta potential analysis is that it is quick. When the absolute value of zeta potential is high, the repulsive force between nanoparticles will prevail and the nanouid is in stable state. On the contrary, if the absolute value of zeta potential is low, the attractive force is dominating and the nanouid tends to aggregate. The relationship is listed in Table 3 .
As shown in Table 3 , nanouids with zeta potential higher than 30 mV are relatively stable and above 60 mV show excellent stability with little settling. When zeta potential is below 15 mV, a nanouid is in unstable state, and when zeta potential is closed to 0 mV, nanouid undergoes signicant aggregation. Due to a large negative zeta potential in water, Au/water nanouids without any dispersant were prepared and exhibit good stability. 87 Li et al. 88 systematically studied the effects of pH, various dispersants, and concentration on zeta potential of Cu/ water nanouids, and the results showed that at pH 9.5, the absolute value of zeta potential is remarkably higher with the addition of SDBS or CTAB. The aggregation stability of aqueous dispersion of the hydrated anatase and rutile sample in the neutral and alkaline pH regions were related to the electrostatic stabilization and were explained through DLVO theory.
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Stability and zeta potential of graphite nanouids at different pH value have been investigated and higher zeta potential was obtained in acidic nanouid. 90 Himansu 91 evaluated the stability of surface modied CeO 2 nanoparticles in deionized water by zeta potential method, and found that the value reached 42 mV, and 10 mV higher than that of unmodied nanoparticles.
Sedimentation and centrifugation
Sedimentation is the tendency of nanoparticles to settle out of the base uid in which they are dispersed and nally come to rest against an external force. At steady state, sedimentation velocity of spherical particles is given by Stokes law as eqn (4):
where V, R, r are the sedimentation velocity, radius, and density of nanoparticles, respectively. And r 1 , h are density and viscosity of the base uid, respectively.
According to Stokes law, sedimentation velocity decreases when nanoparticles become smaller. Thus, sedimentation will be slow for smaller nanoparticles relative to large nanoparticles dispersed in base uid.
Sedimentation and centrifugation are the most commonly used method to investigate the stability of nanouids because of the simplicity operation. 92, 93 The stability of nanouid is directly indicated by the mass or volume of sediment. Nanouids are considered stable when the concentration or particle size in the supernatant stays constant. Zhu 90 evaluated the stability of graphite nanouids with sedimentation balance method. The results revealed that the nanouid was more stable when PVP concentration was higher than 0.4 wt%.
Angayarkanni and Philip
94 studied the stability of water based alumina nanouids at different time intervals by sedimentation and conrmed that the sedimentation rates of different kinds of nanouids were all in accord with their time depended thermal conductivity measurement.
Electron microscopy
Electron microscopy is generally used to investigate the stability of nanouids by observing the distribution and aggregation of nanoparticles. Generally it is used for characterizing the morphology of nanoparticles before dispersion. Transmission electron microscopy (TEM) provides high resolution images that can reach approximately 0.1 nm in case of lattice images. Aggregation of nanoparticles within the nanouids can be directly monitored with TEM.
Li 95 observed the morphology of Y 2 O 3 -stabilized ZrO 2 nanoparticles without and with different surfactant, conrmed that the average size of nanoparticles modied by polyether amine D2000 or PVP-10000 was smaller than modied by PEG-4000 or without any surfactant. Yang 96 successfully prepared oleic acidmodied lanthanum triuoride-graphene oxide nanohybrids and observed the morphology with TEM. A typical TEM image of graphene oxide (GO) that presents highly transparent lms and LaF 3 -GO structure formed by LaF 3 nanoparticles on the surface of GO is seen in his experiment. Nanodiamond-agglomerate on Cu grid with lacey carbon was characterized with TEM 97 as well. The characterization of nanoparticles dispersed in base uid with TEM, the usual practice is placing a drop of as-prepared nanouids onto a copper grid coated with a carbon lm, and then observes the distribution of nanoparticles on copper grid when base uid is completely evaporated. There is one point should be noted, the evaporation of base uid always accompanies with aggregation of nanoparticles. As a result, the characterization mean by TEM is only available when less nanoparticles in base uid. Cryo-EM may be a potential substitute in the future.
Lubricating mechanisms of nanoparticles in nanofluids
During the past two decades, the application of nanouids in lubrication has made substantiates progress. Because of the low melting point and high chemical reactivity, nanoparticles may deposit on the microdefects of rubbing surfaces, and play a role of "self-repairing" to a certain degree. This is a great potential advantage of nanouids on lubrication. Furthermore, the thermal conductivity of nanouids is usually higher than that of their base uid, which will help to release the heat produced in the friction and maintain the stability of the tribo-pairs. Finally, most nanoparticles are environmentally friendly, as an alternative of traditional additives which commonly containing sulfur and phosphorus, this is very benecial to the sustainability of the environment and economy. At present, four lubrication mechanisms are commonly accepted: rolling, polishing, self-mending and tribo-lm mechanism. Additionally, nanoparticles are also effective in lubrication because of sintering or melt on the tribo-lm.
Rolling mechanism
The friction mode is inuenced by the well distributed spherical nanoparticles in the nanouids, because they can switch from sliding friction to rolling friction. And the load carrying capacity is also improved. Kao 98 evaluated the role of spherical TiO 2 nanoparticles in friction reduction, and found that TiO 2 can reduce the worn scar depth by 80.84%, which might be attributed to rolling effect at high temperature. Luo 99 synthesized Al 2 O 3 /TiO 2 nanocomposites with an average size of 75 nm, and investigated the friction and wear properties of the nanocomposites in lubricating oil. They found that the addition of Al 2 O 3 /TiO 2 enhanced the tribological performance of the lubricating oil, possibly due to wear behavior switching from sliding friction to rolling friction during the process.
Rolling mechanism theory proposes that two factors contribute to the excellent lubrication effect of nanouids. One is that the nanoparticles are usually spherical, and they may act as "micro-bearing" during the friction; the other is at high temperature and load, the nanoparticles between two rubbing surfaces become at and form a "sliding system", which ultimately reduces the friction and wear. Mahdi Khadem 100 explored the tribological behavior of nanodiamond on two kinds of rubbing surfaces with different hardness, and claimed that nano-diamond were likely to get embedded into the surface of the so specimen, rolling effect occurred only when rubbing surfaces own comparatively higher hardness. The embedded and rolling mechanism is illustrated in Fig. 6 .
Tribo-lm mechanism
Nanoparticles that well dispersed in nanouids are liable to form a thin lm on the metal surface, and this lm is dense and low shear, which can separate the rub surface and reduce the friction. In the process of friction, the nanoparticles in the nanouid tend to migrate to the rubbing surface due to two factors. The one is that the local high temperature because of friction may arouse nanoparticles' undulations in the rubbing surface is ercer than that in the nanouids. Random migration is more active as a result of this undulation, and ultimately increase the chance of nanoparticles migrates to the rubbing surface. The other is that the exoelectrons produced during the friction accelerate to strengthening electric-eld the on the rubbing surface, the existence of electrical eld may cause the gathering of nanoparticles on the rubbing surface.
Tribo-lm mechanism is the most prevailing theory to explain the anti-wear and friction reduction behaviour of nanouids. Most scientists and researchers attributed better lubrication performance of nanouids to the fact that nanoparticles being deposited on rubbing surfaces and forming a protect lm.
Wu 101 prepared OA modied ZnO/PAO nanouid and studied the wear mechanism of ZnO nanoparticles in PAO, he declared that nanoparticles could easily enter into sliding metal surface due to their small size. These nanoparticles also proved to be easy to adsorb or deposit on the sliding metal surface to form a surface protective lm and thus reduce the friction. Zhang 102 prepared Cu/SiO 2 nanocomposite and evaluated its tribological properties in water-based lubricant, and found that during the friction process, a protective and lubricious lm composed of Cu and a small amount of Fes, FeSO 4 and SiO 2 is formed on the rubbed steel surface. Abad 103 systematically studied the tribological behavior of the Pd NPs dispersed in TBA that carried out by different experimental parameters, the Pt NPs directly deposited onto the contact surface and formed a protective lm was been proven in his study. Chen 104 synthetized stearic acid-capped cerium borate (SA/CeBO 3 ) and studied the friction and wear performances of SA/CeBO 3 in rapeseed oil. The results indicated that SA/CeBO 3 adsorbed and triboreacted to form B 2 O 3 , CeO 2 and Fe 2 O 3 on the rubbing surface.
Although most scientists claimed that nanoparticles deposited into a protective lm on the rubbed surface during the process of friction, as they detected the existence of nanoparticles on the wearing surface. The amounts of deposited nanoparticles were minor or ambiguous.
105,106 A hypothesis could be proposed. Continuous and dense lm might be not formed since a small quantity of deposited nanoparticles were discoverable in these literatures.
The deposition of nanoparticles on a given solid was depended on the surface energy of this solid. Fig. 7 presents the prole sketch of a non-smooth surface, where location A represents asperity while B stands for valley. It's easily concluded that the surface energy of location A is higher than that of location B based on denition of solid surface energy. Thus nanoparticles are more likely to deposit on asperity of solid surface. According to Kong, 107 heterogeneous deposition of nanoparticles on wearing surface will cause the transition of lubrication mechanism, which is changed from traditional mixed lubrication to a new synergistic lubrication that comprised with asperity, nanoparticles and liquid lm, as shown in Fig. 8 .
Self-repairing mechanism
Nanoparticles in nanouids tend to ll the microcracks and repair microdamages via desorption or deposition on rubbing surface, and eventually help to form more at and smooth surfaces. Usually, a so metal whose structure is face-centered cubic has the capacity of "self-mending". Wang 108 pointed out that nano-copper in lubricating oil form a lm which separates the friction materials in the friction process. Ma 109 studied the effect of Ag nanoparticles as additives for multi-alkylated cyclopentanes and found that Ag nanoparticles deposited on the friction surfaces to form metallic Ag boundary lm. The protective metal lm had low shearing stress and contributed to preventing the steel-to-steel contact from severe adhesion, scuffing, and seizure. Flores-Castañeda 110 also concluded that the wear rate reduction by bismuth nanoparticle additives was resulted from the tribo-sintering of nanoparticles on the rubbing surfaces reducing the metal-to-metal contact and acting as a low friction load-bearing lm.
It is worth mentioning that, "self-repairing" mechanism is not simply an accumulation of nanoparticles on the rubbing surface. With the decreasing size of nanoparticles, their melting points decline sharply. At the high temperature of rubbing surfaces, these nanoparticles are easily melted or sintered in the microcracks of the contact area, and sequential ller is formed and closely tied to the rubbing surface.
Mechanical polishing effect
Hard nanoparticles in nanouids act as an excellent polishing tool and play a role in mechanical polishing on rubbing surfaces in the process of friction. The real contacting area of tribo-pairs is increased due to smoother surface polished with hard nanoparticles, which ultimately lowers the friction coefficient and increase the load carrying capacity.
As for the surface with a high roughness, nanoparticles do not exhibit good mechanical polishing effect in terms of improving the tribological properties of the nanouids, because nanoparticles are too small for the rough surfaces. They can merely repair the surface at the atomic scale. Thus, mechanical polishing effect is more evident when the tribo-pairs have a low surface roughness.
Chou 111 observed the surface morphology of 6061 aluminium alloys lubricated separately by commercial oil and nanouids containing 0.05% nanodiamond, and found that the surface roughness of aluminium alloy lubricated by nanouid was decreased by 15% compared with that lubricated by commercial oil, he pointed that it was polishing action of diamond nanoparticles resulted in the nal smoother surface. Tao 19 evaluated the ball-bearing effect of diamond nanoparticle in base oil, and conrmed that initially the diamond nanoparticles mainly take the effect of surface polishing.
A common phenomenon is that almost all tribological tests prove that the rubbed surfaces lubricated by nano lubricants are much smoother. However, it's not sufficient to attribute it to the polishing effect of nanoparticles, because of self-repairing, nanoparticles are easily deposited lled into the microcracks and grooves and at surface can also be gained. 
Diversication of lubrication mechanism
In most cases, the nanoparticles do not work by a single lubrication effect, but by two or more mechanisms. Besides, there may be a transition during different mechanisms when changed lubrication condition occurs.
Zareh-Desari 112 studied the lubrication properties of SiO 2 and CuO nanoparticles in vegetable oil, and claimed that two mechanisms were involved in the process of friction, one was the rolling effect and the other was self-repairing mechanism. Zheng 113 discussed the synergistic lubrication mechanism of Fe 3 O 4 /MoS 2 nanocomposites in aqueous and oil phase media, he argued that nanoball bearing of Fe 3 O 4 and tribo-lm formed with MoS 2 might contribute to the friction reducing and antiwear performances of nanouids.
Although plenty of works have been done on the tribological performance of nanouids. Most studies in the eld of analysis on lubrication mechanism always focus on the effect of nanoparticles. In fact, the mutual interactions among the nanoparticles, dispersant and base uid should be also taken into consideration.
Problems of nanofluids in lubrication
Although nanouids show excellent tribological properties in lubrication, there are still some problems to be solved.
The most important issue is the dispersion and stability of nanoparticles in nanouids. Nanoparticles have large specic surface area, high chemical reactivity, wide diffusivity and high absorption. All these characteristics are the prerequisite of nanoparticles to form protective lm or repair the rubbing surfaces. However, these characteristics also lead to poor stability and dispersion as well. Aggregation of nanoparticles can even cause severe abrasive wear. Usually, surfactants or modication of the surface of nanoparticles can be used to reduce the surface energy of nanoparticles to alleviate the aggregation. However, the selection and appropriate level of surfactants and the improvement of modication technology are still barriers for the application of nanouids in lubrication.
Another problem in nanouids is the rough edges related to lubrication mechanisms of nanouids. The lubrication mechanisms of nanouids, such as micro-rolling mechanism, still have not been validated by direct experimental data. And some views are somewhat farfetched to explain the lubrication phenomenon. For example, nano-copper shows good tribological properties under high load. Some literatures 108, [114] [115] [116] tried to explain that by deposition of nano-copper and formation of a protect lm. However, copper lm itself is not helpful to improve lubrication under high pressure.
Conclusion
The present review covers the preparation and analytical techniques of nanouids and the lubrication mechanisms in tribology. Although much progress has been made, it is still a challenge to make a homogenous and long-term stable nanouid with negligible agglomeration and little effect on the tribological properties.
There are two methods to prepare nanouids. Nanouids prepared by single-step method are more stable than those by two-step method. However, the two-step method is applicable in the fabrication of almost all kinds of nanouids.
Three techniques can be used to improve the stability of nanouids. Compared to surfactants, surface modication seems to be more effective to achieve stable nanouids and it exerts less inuence on the physicochemical properties of nanouids. As an auxiliary method, ultrasonication is always accompanied by the addition of surfactant or surface modication.
A common view in several reports is the deposition of nanoparticles in the gaps and grooves of the rubbing surfaces is responsible for improved tribological performance, this claim need to be substantiated with appropriate experimental results and theoretical models. Further detailed tribological studies using DLS, SEM, TEM, AFM and XPS are indispensable for insight into the interaction between nanoparticles and contact surface.
